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matrix metalloproteinase; mTOR, mechanistic target of rapamycin; PPAR, Peroxisome proliferator 
activated receptor; SUPPL, supplemented. 
Abstract  
Scope: Offspring from rats with mild diabetes develop gestational diabetes (GDM). We tested the 
hypothesis that an olive oil-supplemented diet attenuates placental oxidative stress/inflammation, 
activation of mTOR signaling and inhibition of PPAR and fetal overgrowth in GDM offspring from 
mild diabetic rats. Methods and results: Female offspring from rats with mild diabetes (group that 
developed GDM) and controls were fed with either a standard diet or a 6% olive oil-supplemented 
diet during pregnancy. On day 21 of pregnancy, plasma glucose levels in mothers and fetuses were 
increased in the GDM group independently of the diet. Fetal overgrowth and activation of placental 
mTOR signaling were partially prevented in the olive oil-treated GDM group. Placental PPARγ protein 
expression was decreased in GDM rats independently of the diet. However, increases in placental 
lipoperoxidation, connective tissue growth factor and matrix metalloproteinase 2 levels were 
prevented by the olive oil-enriched diet. Conclusion: Diets enriched in olive oil attenuate placental 
dysfunction and fetal overgrowth in rats with GDM induced by intrauterine programming.  
 
 
Graphical abstract text 
 
The effect of a maternal olive oil-supplemented diet in the placenta in a GDM rat model 
induced by intrauterine programming is investigated. The olive oil- supplemented diet 
partially prevented fetal overweight and activation of placental mTOR signaling. Increases in 
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markers of the prooxidant/proinflammatory state were prevented in the placenta of GDM 
rats fed the olive oil-supplemented diet, highlighting the ability of this diet to attenuate 




Gestational diabetes mellitus (GDM) is a prevalent disease associated with health risks for both the 
mother and the child [1]. In addition to the short-term fetal and neonatal adverse outcomes, 
programming of metabolic diseases in the offspring has been shown in women with pregestational 
and gestational diabetes mellitus as well as in experimental models of diabetes and pregnancy [1-5]. 
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Previously, we have reported that female offspring from rats with mild diabetes develop GDM, as 
these animals have normal glucose and insulin circulating levels before mating, and increased fasting 
glucose and insulin circulating levels at late pregnancy [6]. In this GDM model, the placental 
mechanistic target of rapamycin (mTOR) signaling is activated [6]. mTOR is a serine/threonine kinase 
that regulates cell survival, metabolism and proliferation [7]. mTOR forms two protein complexes 
named mTORC1 and mTORC2. Both mTORC1 and mTORC2 have been found to positively regulate 
transporters of amino acids in the placenta, stimulating fetal growth [8, 9]. Ribosomal protein S6 
(rpS6) and 4E-binding protein-1 (4EBP-1) are downstream effectors of mTORC1 that control protein 
synthesis and cell growth [7]. Protein kinase Cα (PKCα) as well as serum and glucocorticoid-inducible 
kinase 1 (SGK1) are downstream effectors of mTORC2 involved in cell proliferation and metabolic 
processes [7, 10]. In GDM rats, both mTORC1 and mTORC2 signaling is increased in the placenta, which 
is associated with the fetal overgrowth observed in this experimental model [6]. 
The levels of placental pro-oxidant/pro-inflammatory markers in GDM rats are increased, which is 
associated with decreased protein expression of peroxisome proliferator-activated receptor γ 
(PPARγ) [6]. PPARγ is a ligand activated transcription factor with an important role in the control of 
inflammation and oxidative stress in several diseases and in different tissues [11-13]. Moreover, PPARγ 
regulates numerous trophoblast functions and is essential for placental development [14, 15]. PPARγ 
agonists reduce lipoperoxidation, a marker of oxidative stress, in placental explants from diabetic 
patients [16]. In placental explants from diabetic rats, PPARγ activation induces a decrease in the 
levels and activity of matrix metalloproteinases (MMPs) [17], proteolytic enzymes important for 
placental remodeling and trophoblast function, and markers of a pro-inflammatory environment 
when produced in excess [18, 19]. On the other hand, connective tissue growth factor (CTGF) is a non-
structural extracellular matrix protein associated with tissue development and remodeling, and 
believed to participate in the pathophysiology of different diseases when produced in excess [20]. In 
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the placenta, CTGF levels are increased in diverse clinical conditions, including preeclampsia and 
intrauterine growth restriction, although not previously studied in maternal diabetes [21].  
Our previous studies have shown that maternal diets enriched in mono- and poly-unsaturated fatty 
acids, which are known to activate the three PPAR isoforms, reduce the levels of pro-oxidant and 
pro-inflammatory markers in placentae of rats with mild diabetes [13, 22]. More recently, we reported 
that treatments with polyunsaturated fatty acids during the pregnancy of the initial parent 
generation (F0) of rats with mild diabetes, which will lead to GDM induction in their offspring, 
normalize PPARɣ and mTOR signaling and reduce oxidative stress in the placenta, and prevent fetal 
overgrowth in the F1 pregnant offspring that develop GDM [23]. In the current work, we focused in 
the F1 generation susceptible to develop GDM and hypothesized that an olive oil-supplemented diet 
in this F1 generation attenuates placental dysfunction. The rationale to study supplementation with 
olive oil is that it is enriched in oleic acid, a PPAR activator, and has potent antioxidant properties 
both as a PPAR ligand and due to its polyphenol content  [24, 25].  Thus, the aim of the present study 
was to assess fetal weight, placental oxidative stress/inflammation and placental PPARand mTOR 
signaling in the offspring from rats with mild diabetes that develop GDM.   
2. Experimental Section 
2.1. Animals 
Albino Wistar rats were purchased from the certified animal facilities of the School of Exact and 
Natural Sciences, University of Buenos Aires (UBA, Argentina) and housed in the animal facilities of 
our Institute (CEFYBO-CONICET-UBA, Argentina), with a 12h light/12h dark cycle. Animals received 
food (commercial rat chow, Asociación Cooperativa Argentina, Buenos Aires, Argentina) and water 
ad libitum. The animal protocol was approved by the Institutional Committee for the Care and Use of 
Experimental Animals (CICUAL, Resolution CD Nº 3170/2015; School of Medicine, UBA, Argentina), 
and conducted following the Guide for the Care and Use of Laboratory Animals, US National 
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Institutes of Health (NIH Publication, 8th Edition, 2011) 
http://www.ncbi.nlm.nih.gov/books/NBK54050/?report=reader. 
The experimental design is presented in Figure 1. We used a model of mild diabetes (F0) thoroughly 
characterized during pregnancy [26], induced by the injection of 2-day-old neonates with 
streptozotocin (90 mg/kg, s.c, Sigma-Aldrich) diluted in vehicle (citrate buffer, 0.05 M, pH 4.5, Sigma-
Aldrich). Control animals were injected with vehicle alone. Blood glucose levels were evaluated in 2-
month-old female rats prior to mating. Rats were considered diabetic when the 6 h fasting blood 
glucose levels were > 130 mg/dl. Control and diabetic female rats (F0) were mated with healthy 
controls purchased for this purpose. Day 1 of pregnancy was determined by the presence of sperm 
cells in vaginal smears. All rats were fed with a standard diet (commercial rat chow) during F0 
pregnancy and allowed to deliver and nurse their pups. The offspring were fed with the standard 
diet until 3 months of age when blood glucose levels were determined. Then, the F1 females were 
mated with healthy males. From day 1 to day 21 of the F1 pregnancy, the offspring from rats with 
mild diabetes and controls were fed with a) a standard diet (commercial rat chow) or b) a standard 
diet (commercial rat chow) supplemented with 6% olive oil. The diet composition, analyzed by gas 
chromatography-mass spectrometry as previously [27] was: a) Standard diet (g/100 g): carbohydrates 
(50); proteins (25); fat (5), major fatty acids 16:0 (0.58), 18:0 (0.16), 18:1 n-9 (1.27), 18:2 n-6 (1.99) and 
18:3 n-3 (0.73), and b) Olive oil-supplemented diet (g/100 g): carbohydrates (48); proteins (24); fat (11), 
major fatty acids 16:0 (1.55), 18:0 (0.26), 18:1 n-9 (5.77), 18:2  n-6 (2.41) and 18:3 n-3 (0.57). The F1 
pregnant rats were euthanized at day 21 of gestation. Maternal blood and pooled fetal blood were 
collected and processed for determination of blood glucose. Placentae of F1 rats (n=6-8 in each 
experimental group, each dam from a different F0 mother) were homogenized in ice-cold buffer D 
(250 mM sucrose, 10 mM Hepes-Tris, pH 7.4 with protease and phosphatase inhibitors), as 
previously [23], and stored at −80°C for determination of protein expression of PPARγ and of total and 
phosphorylated mTOR downstream targets using Western blot. Placental tissues were also frozen 
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and stored at -80ºC for subsequent determination of lipoperoxidation or prepared for 
immunohistochemical analysis of CTGF and MMP2. Plasma from F1 mothers was also stored at -80ºC 
for zymography assay to evaluate MMP2 activity.  
 
2.2. Plasma analyses 
Blood glucose levels were determined by Accu-Chek reagent strips and a glucometer Accu-Chek 
(Bayer Diagnostics) in tail vein samples. Plasma maternal and fetal glucose concentrations were 
determined by an enzymatic colorimetric commercial kit (Wiener lab). Plasma MMP2 activity was 
determined by zymography. Briefly, as previously described [28], 40 µg of protein was mixed with 
loading buffer (2% SDS, 10% glycerol, 0.1% bromophenol blue, 50 mM Tris-HCl, pH 6.8) and 
subjected to a 7.5% SDS - polyacrylamide gel electrophoresis (SDS-PAGE), in which 1 mg/ml gelatin 
(type A from porcine skin) had been incorporated. Gels were rinsed in 2.5% Triton X-100 for 60 min 
to remove SDS and incubated for 24 h in 50 mM Tris buffer pH 7.4, containing 150 mM NaCl and 10 
mM CaCl2, at 37ºC. Subsequently, gels were stained with Coomassie blue and destained with 10% 
acetic acid and 30% methanol in water. The areas of proteolytic activity appeared as negatively 
stained bands on a dark background. Identification of MMP2 was based on its molecular weight and 
a positive internal control (conditioned medium of human fibrosarcoma HT-1080 cells), which was 
run in each gel. Enzymatic activity was quantified by means of ImageJ software and expressed as 
arbitrary densitometric units.  
 
2.3. Western Blot analysis  
Placental homogenates were prepared and proteins separated by SDS-PAGE and transferred to PVDF 
membranes (35V constant, overnight at 4°C), as previously described [23]. The membranes were 
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stained with Amido Black staining solution for total proteins (Sigma-Aldrich) to confirm equal loading 
and transfer. Blocking was carried out for 1 h at room temperature in 5% non-fat milk in TBS-Tween 
and membranes were incubated with the primary antibody overnight at 4°C. The antibodies used 
were against total and phosphorylated rpS6 (S256/236), total and phosphorylated 4EBP-1 (T70), total 
and phosphorylated PKCα (S657), total and phosphorylated SGK1 (S422) (Cell Signaling Technology), 
and PPARγ (Cayman Chemical). Membranes were then washed and incubated with the appropriate 
peroxidase conjugated secondary antibody and visualized using ECL detection solution (Thermo 
Scientific). The images were captured in a G: BOX gel imaging system (Syngene) and densitometrically 
analyzed with the ImageJ software. The expression of the target protein in each individual lane was 
normalized for total protein staining to adjust for unequal loading and transfer.  
 
2.4. Lipoperoxidation assay 
Lipoperoxidation was evaluated by measuring the concentrations of thiobarbituric acid reactive 
substances (TBARS) as previously described [6]. Briefly, placentae were homogenized in 100 mM Tris-
HCl buffer (0.1 mM, pH 7.4) and the homogenates then added with trichloroacetic acid (40%, Merck 
Darmstadt, Germany). The supernatant was centrifuged and then mixed with an equal volume of 
thiobarbituric acid (46 mM) (Sigma-Aldrich). The solution was heated at 95ºC, cooled, and quantified 
using spectrophotometry at 540 nm. Different concentrations of malondialdehyde (Sigma-Aldrich) 
subjected to the same conditions as the tissue homogenates were used as standards.  
 
2.5. Immunohistochemistry 
To perform immunostaining for CTGF and MMP2, placental tissues were fixed in buffered 
formaldehyde solution 4% v/v, then paraffinized and serially cut in 5-μm-thick sections. Then, as 
previously [29], sections were deparaffinized, rehydrated through a graded series of ethanol and the 
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endogenous peroxidase activity was blocked. The sections were processed using the corresponding 
primary antibodies: anti-CTGF (goat polyclonal antibody, 1:300 dilution, Santa Cruz Biotechnology), 
and anti-MMP2 (mouse polyclonal antibody, 1:200 dilution, Santa Cruz Biotechnology). Negative 
controls were performed in the absence of primary antibody and by replacing the primary antibody 
by a pooled serum of the same species containing a spectrum of the IgG subclasses (Vector 
Laboratories Burlingame, CA, USA). Biotinylated antibodies (anti-goat IgG or anti-mouse IgG-rat 
absorbed), 1:200 PBS-T / 1.5% normal horse serum (Vector Laboratories Burlingame, CA, USA) were 
then applied, followed by a 60-min incubation with the avidin–biotin complex (Vector Laboratories). 
Staining was visualized by adding 40% 3,3´-diaminobenzidine tetrahydrochloride chromogen-buffer 
plus 0.02% (v/v) hydrogen peroxide in 0.05 M Tris (pH 7.6) for 10 min. Three sections per placenta 
were evaluated by two skilled blinded observers, a semiquantitative score was performed and the 
immunoreactivity intensity was quantified by means of the ImageProPlus software. Data are shown 
as relative to a value of 1, arbitrarily assigned to the control.  
2.6. Statistical analysis 
Data are presented as means ± SEM. Groups were compared by two-way ANOVA followed by 
Bonferroni’s test. A p value lower than 0.05 was considered statistically significant. 
3. Results 
3.1. Effects of 6% olive oil supplementation in F1 pregnant control and GDM rats on glucose levels 
and feto-placental weights  
Before mating, blood glucose levels in the offspring from control rats (101 4 mg/dl) and the 
offspring from rats with mild diabetes (111 4 mg/dl) were similar. On day 21 of the F1 pregnancy, 
maternal plasma glucose was increased by 33% in the offspring from rats with mild diabetes, 
consistent with the development of GDM and independently of the diet (p<0.001 v. control, FIGURE 
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2). Similarly, fetuses of the GDM group had increased plasma glucose levels, independently of the 
diet (p<0.001 v. control, FIGURE 2). Fetal weights were significantly increased in the GDM group 
compared to the control group (p<0.01 v. control), but not in the olive oil-supplemented GDM group 
(FIGURE 2). Placental weight was similar in the control and diabetic groups supplemented or not 
with olive oil (FIGURE 2).  
3.2. Effects of 6% olive oil dietary supplementation in F1 pregnant control and GDM rats on 
placental mTOR signaling   
As previous works have identified a link between activation of placental mTOR signaling and fetal 
overgrowth in maternal obesity and GDM [8], protein expression of total and phosphorylated mTOR 
downstream targets were determined in the placenta. No differences were found in placental levels 
of total or phosphorylated rpS6 between the GDM and the control group, independently of the 
maternal diet (FIGURE 3). No differences were found in placental phosphorylated 4EBP-1 levels 
between the groups. Whereas total 4EBP-1 placental levels were decreased in the GDM group 
(p<0.05 v. control), the olive oil-supplemented diet markedly increased total 4EBP-1 levels in the 
GDM group (p<0.001 v. GDM and p<0.01 v. control) leading to a decreased phosphorylated/total 
4EBP-1 ratio in the placenta of the olive oil-supplemented GDM group (p<0.001 v. GDM and p<0.01 
v. control, FIGURE 3).  
Downstream proteins in the mTORC2 pathway were also evaluated. Whereas placental levels of 
total PKCα were decreased in the GDM group (p<0.05 v. control), the olive oil-supplemented diet in 
the GDM group was associated with an increase in placental levels of total PKCα (p<0.001 v. GDM-
standard diet, p<0.05 v. control groups, FIGURE 4). Thus, although phosphorylation of PKCα was 
increased in both the placentae of the control (p<0.05) and the GDM groups (p<0.01) treated with 
the olive oil-supplemented diet compared to the respective standard diet groups, an unchanged 
phosphorylated/total PKCα ratio was observed in the placentae of the olive oil-supplemented GDM 
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group compared to the standard diet control group (FIGURE 4). Although there were no differences 
in total SGK1 levels in the four experimental groups, increases in SGK1 phosphorylation and the 
phosphorylated/total SGK1 ratio were observed in the placentae of the GDM group, an effect that 
was not modified by the olive oil dietary treatment (p<0.01 vs control-standard diet, FIGURE 4).  
3.3. Effects of 6% olive oil dietary supplementation in F1 pregnant control and GDM rats on the 
levels of placental PPARγ and pro-oxidant/pro-inflammatory markers  
As previous works have shown that PPARγ is involved in the induction of a pro-oxidant/pro-
inflammatory intrauterine environment [13, 19], we determined placental PPARγ levels. Reduced 
PPARγ levels were observed in the placentae of GDM rats fed both with the standard and the olive 
oil-supplemented diet compared with their respective controls (p<0.01, FIGURE 5). Nevertheless, 
lipoperoxidation, as assessed by TBARS levels, was increased in the placentae  of GDM rats fed the 
standard diet (p<0.05) and decreased both in the placentae of GDM rats fed the olive oil-
supplemented diet (p<0.05) and in the placentae of control rats fed the olive oil-supplemented diet 
(p<0.05) compared to the control group fed the standard diet (FIGURE 5). Furthermore, the levels of 
CTGF were also increased in the placentae of GDM rats fed the standard diet compared to controls 
(p<0.01) and decreased when GDM rats were fed with the diet enriched in olive oil (p<0.05 v. GDM-
standard diet, FIGURE 6). In addition, MMP2 levels were increased in GDM placentae compared to 
controls (p<0.05), an increase that was prevented by the olive oil-supplemented diet (p<0.05, 
FIGURE 7). In contrast, the increased maternal plasma MMP2 levels in GDM rats were not affected 
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Using a GDM model induced by intrauterine programming in the female offspring from rats with 
mild diabetes, we demonstrated that a maternal diet supplemented with 6% olive oil, albeit not 
preventing the development of GDM and the decreased placental PPARγ levels, resulted in 
normalization of pup weight, attenuation of placental mTOR activation and prevention of placental 
oxidative stress and inflammation. It is possible that these changes contribute to improving the 
health of the F2 generation.  
Placental function is critical for fetal development [30]. The adverse metabolic environment in GDM is 
associated with placental dysfunction, fetal overgrowth and later diseases in the offspring  [2, 31]. We 
have previously found that female offspring from rats with mild diabetes develop GDM, associated 
with fetal overgrowth, activation of mTOR signaling, impaired PPAR signaling and increased levels of 
pro-oxidative and pro-inflammatory markers in the placenta [6]. In the current study, 
supplementation of the diet with 6% olive oil in F1 pregnant offspring from rats with mild diabetes 
was not able to prevent the induction of GDM, as shown by the increased maternal and fetal plasma 
glucose levels at term. Similarly, we previously found that an olive oil-supplemented diet in F0 
pregnant rats with mild diabetes did not normalize maternal blood glucose levels [32] and did not 
prevent development of type 2 diabetes associated with aging in the non-pregnant F1 offspring [27]. 
In a recent study in pregnant women, a Mediterranean diet added with extra virgin olive oil and 
pistachios reduced the incidence of GDM and fetal overgrowth [33]. In contrast, a recent meta-
analysis found no association between PUFAs supplementation during pregnancy and the risk of 
developing GDM [34], although PUFAs supplementation in obese pregnant women has been reported 
to reduce the levels of pro-inflammatory markers in the placenta [35, 36].  
Maternal obesity in mice as well as obesity and GDM in women are associated with activation of 
mTOR signaling in the placenta [37-39]. In this work, although the activation of placental mTORC1 
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signaling in GDM rats was prevented, as represented by the increase in total expression of 4EBP-1, 
placental mTORC2 signaling remained activated in GDM rats treated with the olive oil-supplemented 
diet. Because mTORC1 is a positive regulator of amino acid transport in the placenta [8, 9], it is 
possible that the attenuated fetal overgrowth in response to supplementation of the maternal diet 
with 6% olive oil is due to reduced placental mTORC1 signaling and subsequent decreased amino 
acid availability. In a recent study, prevention of fetal overgrowth and normalization of placental 
mTOR signaling were observed in GDM rats whose mothers (F0 generation) were fed with a PUFA-
enriched diet in the F0 generation [23], suggesting that supplementation with unsaturated fatty acids 
in the F0 pregnancy may be required to completely prevent placental dysfunction in the F1 
pregnancy in which GDM develops. Further work is needed to address possible sex-dependent 
changes in the parameters evaluated, although our previous studies showed no sex-dependent 
changes in fetal weight [40] or placental weight (unpublished data) in healthy and GDM rats.   
It is now established that an intrauterine pro-oxidative and pro-inflammatory environment is linked 
to impaired feto-placental development and fetal programming [19]. In this work, the expression of 
PPARγ, a PPAR isotype with potent antioxidant/anti-inflammatory actions [41], was found to be 
reduced in the placentae of GDM rats, but this reduction was not prevented by olive oil 
supplementation. Nevertheless, olive oil contains high amounts of oleic acid, a PPARγ agonist [24], 
and is rich in polyphenols, which have potent antioxidant properties [25]. The antioxidant effects of 
these factors in olive oil likely prevented the GDM-induced placental oxidative stress, as indicated by 
the decrease in lipid peroxidation. In addition, this dietary treatment prevented both the increase in 
CTGF and MMP2 in GDM placentae, suggesting a reduction of the pro-inflammatory state and the 
restoration of a proper extracellular matrix remodeling, which are required for normal placental 
function [42]. In agreement with this, in vitro studies have shown that oleic acid protects trophoblast 
cells from impaired autophagy and from increases in MMPs induced by saturated fatty acids [43]. 
Moreover, previous studies performed in rats with pre-gestational diabetes at mid-gestation have 
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shown that placental MMP2 levels and activity are positively correlated to serum MMP2 activity, and 
that MMPs increases are prevented by a maternal olive oil-enriched diet [22]. In the current study of 
GDM rats at term, MMP2 levels were increased in both the placenta and maternal plasma of the 
GDM dams. However, although the increase in placental MMP2 was prevented by a diet 
supplemented with olive oil, maternal plasma MMP2 activity was unaffected.  It is possible that the 
rapid uptake and accretion of unsaturated fatty acids in term placentae [44] favors the local 
antioxidant/anti-inflammatory effects in the placenta, although further studies are needed to 
specifically address this question.   
Although this work is an in vivo animal study and thus the implications of the results in humans 
remain to be established, our findings may have implications for women with GDM given that 
dietary supplementation with olive oil is feasible in humans. 
In conclusion, although GDM originates from intrauterine programming in a previous generation, a 
diet enriched in olive oil during the F1 pregnancy attenuated placental dysfunction in rats with GDM.  
 
5. References 
[1] P. Damm, A. Houshmand-Oeregaard, L. Kelstrup, J. Lauenborg, E.R. Mathiesen, T.D. Clausen, 
Diabetologia. 2016, 59, 1396-1399. 
[2] C.J. Smith, K.K. Ryckman, Diabetes, metabolic syndrome and obesity : targets and therapy. 2015, 
8, 295-302. 
[3] A. Jawerbaum, V. White, Placenta. 2017, 52, 21-32. 
[4] Z. Lohse, S. Knorr, B. Bytoft, T.D. Clausen, R.B. Jensen, P. Oturai, H. Beck-Nielsen, C.H. Gravholt, P. 
Damm, K. Hojlund, D.M. Jensen, Diabetologia. 2018, 61, 210-219. 
[5] A. Vambergue, I. Fajardy, World J Diabetes. 2011, 2, 196-203. 
[6] E. Capobianco, D. Fornes, I. Linenberg, T.L. Powell, T. Jansson, A. Jawerbaum, Mol Cell Endocrinol. 
2016, 422, 221-232. 
www.mnf-journal.com Page 15 Molecular Nutrition & Food Research 
This article is protected by copyright. All rights reserved. 
 
15 
[7] M. Shimobayashi, M.N. Hall, Nat Rev Mol Cell Biol. 2014, 15, 155-162. 
[8] K.G. Dimasuay, P. Boeuf, T.L. Powell, T. Jansson, Frontiers in physiology. 2016, 7, 12. 
[9] F.J. Rosario, Y. Kanai, T.L. Powell, T. Jansson, J Physiol. 2013, 591, 609-625. 
[10] K.M. Schmidt, C. Hellerbrand, P. Ruemmele, C.W. Michalski, B. Kong, A. Kroemer, C. Hackl, H.J. 
Schlitt, E.K. Geissler, S.A. Lang, Oncotarget. 2017, 8, 24491-24505. 
[11] A. Croasdell, P.F. Duffney, N. Kim, S.H. Lacy, P.J. Sime, R.P. Phipps, PPAR Res. 2015, 2015, 
549691. 
[12] S. Polvani, M. Tarocchi, A. Galli, PPAR Res. 2012, 2012, 641087. 
[13] A. Jawerbaum, E. Capobianco, Placenta. 2011, 32 Suppl 2, S212-217. 
[14] Y. Barak, M.C. Nelson, E.S. Ong, Y.Z. Jones, P. Ruiz-Lozano, K.R. Chien, A. Koder, R.M. Evans, Mol 
Cell. 1999, 4, 585-595. 
[15] W.T. Schaiff, Y. Barak, Y. Sadovsky, Mol Cell Endocrinol. 2006, 249, 10-15. 
[16] E. Capobianco, N. Martinez, D. Fornes, R. Higa, I. Di Marco, M.N. Basualdo, M.C. Faingold, A. 
Jawerbaum, Mol Cell Endocrinol. 2013, 377, 7-15. 
[17] M.C. Pustovrh, E. Capobianco, N. Martinez, R. Higa, V. White, A. Jawerbaum, Eur J Clin Invest. 
2009, 39, 1082-1090. 
[18] P. Bischof, A. Meisser, A. Campana, Journal of reproduction and fertility. Supplement. 2000, 55, 
65-71. 
[19] M. Lappas, U. Hiden, G. Desoye, J. Froehlich, S.H. Mouzon, A. Jawerbaum, Antioxid Redox Signal. 
2011, 15, 3061-3100. 
[20] S. Kubota, M. Takigawa, Clin Sci (Lond). 2015, 128, 181-196. 
[21] S.Y. Oh, S.E. Song, E.S. Seo, K.H. Kim, S.J. Choi, Y.L. Suh, Y. Sadovsky, C.R. Roh, Placenta. 2009, 
30, 981-987. 
[22] N. Martinez, M. Sosa, R. Higa, D. Fornes, E. Capobianco, A. Jawerbaum, Placenta. 2012, 33, 8-16. 
[23] E. Capobianco, D. Fornes, S.L. Roberti, T.L. Powell, T. Jansson, A. Jawerbaum, J Nutr Biochem. 
2018, 53, 39-47. 
[24] A.K. Hihi, L. Michalik, W. Wahli, Cell Mol Life Sci. 2002, 59, 790-798. 
[25] S. Martin-Pelaez, M.I. Covas, M. Fito, A. Kusar, I. Pravst, Mol Nutr Food Res. 2013, 57, 760-771. 
[26] A. Jawerbaum, V. White, Endocr Rev. 2010, 31, 680-701. 
[27] E. Capobianco, M. Pelesson, V. Careaga, D. Fornes, I. Canosa, R. Higa, M. Maier, A. Jawerbaum, 
Mol Nutr Food Res. 2015, 59, 1997-2007. 
www.mnf-journal.com Page 16 Molecular Nutrition & Food Research 
This article is protected by copyright. All rights reserved. 
 
16 
[28] R. Higa, M. Kurtz, M.B. Mazzucco, D. Musikant, V. White, A. Jawerbaum, Mol Hum Reprod. 2012, 
18, 253-264. 
[29] S.L. Roberti, R. Higa, V. White, T.L. Powell, T. Jansson, A. Jawerbaum, Mol Hum Reprod. 2018. 
[30] G.J. Burton, A.L. Fowden, K.L. Thornburg, Physiol Rev. 2016, 96, 1509-1565. 
[31] A. Yessoufou, K. Moutairou, Exp Diabetes Res. 2011, 2011, 218598. 
[32] M. Kurtz, E. Capobianco, N. Martinez, S.L. Roberti, E. Arany, A. Jawerbaum, J Mol Endocrinol. 
2014, 53, 237-246. 
[33] C. Assaf-Balut, N. Garcia de la Torre, A. Duran, M. Fuentes, E. Bordiu, L. Del Valle, C. Familiar, A. 
Ortola, I. Jimenez, M.A. Herraiz, N. Izquierdo, N. Perez, M.J. Torrejon, M.I. Ortega, F.J. Illana, I. 
Runkle, M.P. de Miguel, C. Montanez, A. Barabash, M. Cuesta, M.A. Rubio, A.L. Calle-Pascual, PLoS 
One. 2017, 12, e0185873. 
[34] G. Saccone, I. Saccone, V. Berghella, J Matern Fetal Neonatal Med. 2016, 29, 2389-2397. 
[35] M. Haghiac, X.H. Yang, L. Presley, S. Smith, S. Dettelback, J. Minium, M.A. Belury, P.M. Catalano, 
S. Hauguel-de Mouzon, PLoS One. 2015, 10, e0137309. 
[36] S. Lager, V.I. Ramirez, O. Acosta, C. Meireles, E. Miller, F. Gaccioli, F.J. Rosario, J.A.L. Gelfond, K. 
Hakala, S.T. Weintraub, D.A. Krummel, T.L. Powell, J Clin Endocrinol Metab. 2017, 102, 4557-4567. 
[37] I.L. Aye, F.J. Rosario, T.L. Powell, T. Jansson, Proceedings of the National Academy of Sciences of 
the United States of America. 2015, 112, 12858-12863. 
[38] N. Jansson, F.J. Rosario, F. Gaccioli, S. Lager, H.N. Jones, S. Roos, T. Jansson, T.L. Powell, J Clin 
Endocrinol Metab. 2013, 98, 105-113. 
[39] L. Sati, B. Soygur, C. Celik-Ozenci, Reprod Sci. 2016, 23, 324-332. 
[40] D. Fornes, V. White, R. Higa, F. Heinecke, E. Capobianco, A. Jawerbaum, Mol Cell Endocrinol. 
2018, 461, 12-21. 
[41] H. Martin, Mutation research. 2010, 690, 57-63. 
[42] A. Jawerbaum, E. Gonzalez, Curr Med Chem. 2006, 13, 2127-2138. 
[43] Y.J. Hong, H.J. Ahn, J. Shin, J.H. Lee, J.H. Kim, H.W. Park, S.K. Lee, J Reprod Immunol. 2018, 125, 
56-63. 
[44] P. Lopez-Luna, H. Ortega-Senovilla, I. Lopez-Soldado, E. Herrera, Am J Physiol Endocrinol Metab. 
2016, 310, E367-377. 
 
 
www.mnf-journal.com Page 17 Molecular Nutrition & Food Research 
This article is protected by copyright. All rights reserved. 
 
17 
Conflict of interest 
The authors have declared no conflicts of interest. 
Acknowledgements 
A.J. and E.C designed the research; E.C., D.G.R., D.F. and C.L. conducted the research; E.C., D.G.R., 
T.L.P, T.J and A.J analyzed and interpreted the data; A.J. wrote the manuscript; T.P and T.J critically 
revised the manuscript.      
We thank Vet. Marcela Márquez and Tech. Enzo Cuba for their help with animal handling. 
We gratefully acknowledge financial support from the Agencia Nacional de Promoción Científica y 
Tecnológica de Argentina (PICT 2015-0130), from the Consejo Nacional de Investigaciones Científicas 
y Técnicas de Argentina (PIP 2015–009) and from International Cooperation Grants CONICET-NIH 










www.mnf-journal.com Page 18 Molecular Nutrition & Food Research 




Figure 1. Experimental design. A rat model of mild diabetes was induced in Wistar rats by neonatal 
administration of streptozotocin (F0). F0 female rats with mild diabetes and controls were mated 
and their female offspring (F1) were studied at three months of age. F1 females were mated, and fed 
with a standard diet or a 6% olive oil-supplemented diet from days 1 to 21 of pregnancy. On day 21 
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Figure 2. Maternal and fetal plasma glucose concentrations and feto-placental weights A) Maternal 
plasma glucose concentrations, B) Fetal plasma glucose concentrations, C) Fetal weight and D) 
Placental weight in control and GDM rats on day 21 of pregnancy. Animals were fed a standard or a 
6% olive oil-supplemented diet during the F1 pregnancy. Values are mean ± SEM, representing n=6-8 
F1 rats from different F0 mothers in each experimental group. Two-way ANOVA followed by 
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Figure 3.  Placental mTORC1 signaling. Expression and phosphorylation of proteins involved in the 
mTORC1 signaling pathway in the placenta of control and GDM rats on day 21 of pregnancy. Animals 
were fed a standard (STD) or a 6% olive oil-supplemented diet (OO) during the F1 pregnancy A. 
Representative Western blots, data summary of total and phosphorylated rpS6 and of 
phosphorylated/total rpS6 ratio. B. Representative Western blots and data summary of total and 
phosphorylated 4EBP-1 and of phosphorylated/total 4EBP-1 ratio. Values are mean ± SEM 
representing n=6-8 F1 rats from different F0 mothers in each experimental group. Two-way ANOVA 
followed by Bonferroni’s test was performed. Different letters indicate significant differences 
between groups, p < 0.05.   
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Figure 4. Placental mTORC2 signaling. Expression and phosphorylation of proteins involved in the 
mTORC2 pathway in the placenta of control and GDM rats on day 21 of pregnancy. Animals were fed 
a standard (STD) or a 6% olive oil-supplemented diet (OO) during the F1 pregnancy. A. 
Representative Western blots and data summary of total and phosphorylated PKCα and of 
phosphorylated/total PKCα ratio. B. Representative Western blots and data summary of total and 
phosphorylated SGK1 and of phosphorylated/total SGK1 ratio. Values are mean ± SEM representing 
n=6-8 F1 rats from different F0 mothers in each experimental group. Two-way ANOVA followed by 
Bonferroni’s test was performed. Different letters indicate significant differences between groups, p 
< 0.05. 
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Figure 5. Placental PPARγ protein expression and lipoperoxidation. A) PPARγ protein expression 
and B) Lipoperoxidation in placentae of control and GDM rats on day 21 of pregnancy. Animals were 
fed a standard (STD) or a 6% olive oil-supplemented diet (OO) during the F1 pregnancy. Values are 
mean ± SEM, representing n=6-8 F1 rats from different F0 mothers in each experimental group. Two-
way ANOVA followed by Bonferroni’s test was performed. Different letters indicate significant 
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Figure 6. Placental CTGF levels.  CTGF levels in placentae of control and GDM rats on day 21 of 
pregnancy. Animals were fed a standard (STD) or a 6% olive oil-supplemented diet (OO) during the 
F1 pregnancy. Values are mean ± SEM, representing n=6-8 F1 rats from different F0 mothers in each 
experimental group. Two-way ANOVA followed by Bonferroni’s test was performed. Different letters 
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Figure 7. Placental MMP2 levels and plasma MMP2 activity A) MMP2 levels in the placenta and 
B) MMP2 activity in plasma from control and GDM rats on day 21 of pregnancy. Animals were fed a 
standard (STD) or a 6% olive oil-supplemented diet (OO) during the F1 pregnancy. Values are mean ± 
SEM, representing n=6-8 F1 rats from different F0 mothers in each experimental group. Two-way 
ANOVA followed by Bonferroni’s test was performed. Different letters indicate significant 
differences between groups, p < 0.05.   
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